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Abstract

The effects of time-dependent changes in the canopy geometry on the
backscattering havg been studied through microwave modeling. Soybeans leaves
have been monitored round the clock for any changes in their inclination
angle. The angle distribution densities for morning and afternoon periods are
inputted to the microwave model based on the distorted Born approximation and
the backscattering coefficients for horizontal, vertical and
cross-polarization are obtained. Sensitivity of backscattering to leaf angle
distribution 1is discussed in the context of the non-simultaneity of
observations.

Linear inversion of leaf angle 1is carried out using Phillips-Twomey
technique under the assumption that skin depth of the vegetation is large.
Even for a 50 percent noise, the leaf angle density distribution for morning
and evening period is clearly distinguishable. All these single polarization
inversions require data at approximately 10 incident angles. Since radar
observations from space are usually limited to 3 or 4 incident angles, a
method combining the three polarization data has been devised which reduces

the number of incident angles required by a factor of three.
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1. Introduction

In the global ecosystem, the vegetation plays an important part in the
determination of water and energy estimates. Next to the ocean, vegetation is
the most dynamic surface that covers the earth. The response of the
vegetation to sensors have been found to be dependent upon incident angle,
local meteorological condition, canopy geometry etc. An algorithm is needed
to interpret the remotely sensed data under different physical and
environmental conditions. This will be particularly helpful in analyzing and
inverting the backscattered data from the non-simultaneous observations of the
vegetation.

In the present report, the microwave response of the vegetation under
non-simultaneous observations is modeled. In the past both continuous (Tsang
and Kong; 1981, Jin and Kong, 1984) and discrete (Lang, 1981) random media
techniques have been used for modeling. However discrete methods offer a
distinct advantage as it relates the radar backscattering signal directly to
the scatter characteristics such as slize, orientation and water content.
Following the approach outlined by Lang and Sidhu (1983), LeVine et. al
(1983), the soybean canopy has been modeled in the microwave frequency regime
by replacing their leaves with circular, lossy, dielectric disks. The
distorted Born approximation 1is wused to determine the backscattering
coefficients of the vegetation layer in terms of the scattering amplitude of
the individual scatterers. The observed inclination angle of the leaves in
the form of probability density function is inputted into the model to get the
scattering coefficlents. The canopy modeling has been limited only to the
morning and the afternoon periods Jjust to demonstrate the effects of

non-simultaneity of observations on the backscattering coefficients.



The scattering data from the model 1s also inverted to get back the
probabiltiy distribution of the leaves for the morning and afternoon periods.
Assuming a large skin depth of the vegetation reduces the distorted Born
equations to a linear relationship between the backscattering coefficient.and
the inclination angle distribution. Due to the 1ill-posed nature of this
relation, Phillips-Twomey regularization method with a second-order smoothing
condition is used for inversion. If the data is avallable at too few incident
angles, a multipolarization inversion algorithm is suggested to get an
accurate estimate of the inclination angle of the leaves.

2. Formulation of the Direct Problem:

A layer of vegetation of thickness d is modeled by a slab of lossy
dielectric disks having random positions and orientation statistics. The wave
is Incident at an angle e, and the polarization vector of the incoming and
scattered wave are shown is Fig. 1. The disks of radius a and thickness h are
assumed to be ;ndependent of one another. The ground under vegetation is
taken to be homogeneous lossy dielectric half space and the interface between
the vegetation and the ground is assumed to be flat. The geometry for one
particular disk contained in the slab with its inclination angle 6 and
azimuthal angle ¢ is shown in Fig. 2.

The direct problem consists of computing the backscattering coefficients
for a canopy of discrete scatterers by the distorted Born approximation.
This can be expressed through direct c;qd’ reflected a;qr, direct-reflected

o;qdr scattering coefficients. For like (p=q) and unlike (p#q) polarization

the backscattering coefficient is given by (Lang and Sidhu, 1983)



c.__ =0 +c +c (1)
p.q € {h,v}

where a;q is the total backscattering coefficient for a canopy of discrete

scatterers, and

“pad = P9 “pad 2t
. 5 E2T _ 641

0pqr = pd cpqr qug = o (3)
° - -2T

cpqdr = 4 pd cpqdr qug e (4)

Here p 1is the density of the scatterers, qug is the reflectivity of the

ground and opqd’ pqr pqdr

direct-reflected scattering cross-sections respectively. The optical depth =

are the average direct, reflected and
for a wave incident on the scatterer is

T =$p c

pat sec & =22Ap Im qu sec 8 (8)

where 6 is the incident angle, Opqt is the extinction coefficient of a

particular scatterer, A is the wavelength, qu is the average forward

scattering amplitude of the disk. The averaging is done over the disk
orientation angles and the disk radius. Since the disks are assumed to be

uniformly distribured in azimuthal coordinate, the average can be written as



f = £ , ,8) de 6
o J'pq(ae)p(ae) da (6)

Here p(a,8) is the Joint probability density function of disk having radius a

and inclination angle 6. Assuming a and 6 to be independent random variable
p(a,0) = pl(a) p2(9) (7)

Thus a change in distribution of the inclination angle will be reflected in
the backscattering coefficient of the canopy. In the present study, the
inclination angle distribution of the soybeans as measured from field
experiment 1is inputted into microwave model and its effects on the
backscattering coefficients are analyzed in the context of the simultaneity
experiment.
3. Data Analysis

The soybean leaf data was collected at the University of Michigan by
Criag Dobson of University of Michigan and Jobea Cimino of Jet Propulsion
Laboratory in the summer (August 18-24) of 1987 (Appendix A). The soybeans
which had been planted carefully and watered periodically were mature during
this part of the year. In the canopy geometry of the plant there are three
leaflets attached to each stem (petiole) of the soybean plant. In the present
experiment six stems each contalning three leaflets were chosen. The stems or
the leaves chosen do not represent any particular position on the plants,
rather these are uniformly distributed over the whole the length and breadth
of "the plant. For-the marked leaves the inclination angles were measured round
the clock at 1-2 hours intervals for 4 days. For the purpose of analysis, the
data has been grouped into morning and afternoon periods. The morning data

consists of data taken at 0613, 0640, 0703, 0734 Hrs. local time and afternoon



data is the data taken at 1418, 1438, 1445, 1455 Hrs. local time. Fig. 3 and
Fig. 4 show the histogram of the leaves for the morning and the afternocon
periods respectively. A clear distinction in the inclination angle is seen

for the morning and afterncon perlods.

4. Results and Discussion

The model parameters are chosen to represent a mature soybean crop
similar to the one for which data was taken. The dielectric constant €. =
39.1 + i8.28 at frequency of 4GHz is chosen following the deloor’s model. The
disks have radius of 4cm and thickness 0.2mm. The density of the disks is
1000111-'3 and the disks are assumed to be placed in a slab of 0.6m thick. The

probability density for the inclination angle has been approximated as

p2(e) =0.7cos ® + 0.3 sin 2 6 (8)
for morning
and
pz(e) =0.9sin6 +0.1sin2 @ (9)
for afternoon
These two probability densities have a trend which is close to those observed
and shown in the histograms (Fig. 3,4).

The backscattering modeling results for the horizontal, vertical and
cross-polarization are shown 1in Figs. 5-7 for both the morning and the
afternoon periods. The probability distribution of the leaves given by Egs.
(8) and (8) suggest that in the morning the leaves are mostly horizontal while
during the afternoon period the leaves become vertical due to the heating from
the sun. Both for the horizontal and the vertical polarizations, the largest

changes 1n backscattering coefficients occur at large angles of incidence,



while for cross-polarization the morning-afternoon differences are large at
low-angles. Thus at large angles, the horizontal leaves for the horizontal
and the vertical polarization give stronger backscatter returns and makes
themselves distinguishable from the vertical leaves. It has been found that
distinguishabllity of the leaves is also dependent upon frequency used. At
lower frequency (=1.5 GHz), the morning-afternoon differences 1in the
backscattering coefficient reduces from an average value of 2.5DB to 1.5DB
(Figs. 8-10) It has been assumed here that as the day progresses, the
dlelectric constant both for the leaves and soil do not change, though, in the
strict sense none of these remain constant with time (Dobson and Ulaby, 1986).
In fact in some seasons, there can be deposition of dew on the leaves that
will change the scatter characteristics of the canopy.
S. Inverse Problem
Equations (1)-(4) suggest a non-linear relationship between the
backscattering coefficient and the joint probability density distribution. If
o
the skin depth (l) for the agricultural crops is I;rge 1.e. T < <1, then the

distorted Born approximation, Egs.(2)-(4), reduced to the following Born

equations:
©
o pqd = P d cpqd (10)
o 2
qudr pd pqdr qug (11)
wpqdr = 4pd cpqdr qug (12)

An examination of Egs.(10)-(12) shows that p(a,8) is now linearly related to
the backscattering coefficient. In the present frequency range, the skin

depth of vegetation is large at low angles of incidence, thus, the assumption



T << 1 gives a linear relationship between probability density and
backscattering coefficient. Non-linear inversion of leaf angle distribution
is in progress. However, in this report, the results of only linear inversion
will be gliven. Symbolically one can write the relationship bet@een

backscattering coefficient and probability density distribution as:

o 0, = [K 4 (8, a 0) p(ae) dado (13)

Here qu is the kernel function and contains all the three direct, reflected

and direct reflected parts:
K _ =K + K + K (14)

Explicit expression for different kernels are given in Appendix B.

The integral equation (13) relates the backscattering coefficlent to the
Joint distribution over the disk radius and the inclination angle. Since the
radius distribution will be assumed as known a priori, Eq.(13) can be

rewritten as

(8)

o 8,) = [ Ko (8,.0) p (0) do (15)
where
(8) )
Ko (6,.0) I K o(8,-2,8) p(a]e) da (18)

Hére*p(ale) is the conditional probability of radius given that inclination
angle is known.
The inverse problem involves the determination of the probability density

function for the disk inclination p(8), given the backscattering coefficients



at different angles of incidence. To invert Eq. (15), the continuous variables
are discretized (See Appendix B), and Eq. (15) 1is approximated by a linear

system of equations

c=Bp (17)
where
-, T
o= _?bq(eil)’ ............ 0pq(eiM)] (18)
F T
p = -p(el). ........... p(eN)] (19)
B = .an], B, = K, . 6) (20)
m=1,2....M, n=1,2,....N. (21)

Here superscript T stands for transpose.

The integral equation (15) is i1ll-posed i.e. the small changes is ¢ gives
large changes in p. Therefore, a mapping of ¢ to p must be regularized in the
inverse problem. The Phillips-Twomey technique with second-order smoothing

condition is used to get the regularized solution. This is given by

_ T -1.T
P, = (B B+«H B o (22)

where H is a matrix arising from second order smoothing condition, « is the
regularization parameter and o

3

measure of nolse in the data. Eq.(22) 1is solved for a monotonic sequence of «

represents the inaccurate data. d is a

values and the best « 1s chosen such that the smoothest solution does not
exceed the noise limit 1.e. ||c;- 6|| < 8. o nrepresents the backscattering

coefficient for a given value of regularization parameter.



The inversion has been carried out for morning and afternoon leaf angle
distribution for the horizontal, vertical and cross-polarized cases. It has
also been shown that if the data is available at too few incident angles, the
inverted probability density gives a poor estimate of the actual density. The
estimation can be greatly 1improved by inverting the combined three
polarization data. In this case, the kernel used in Eq. (13) will be set for
all the three combined polarizations rather than for single polarization (See
Appendix B). If the backscattering coefficients for a particular polarization
type are measured at M incident angle and Eq. (17) is evaluated at each of
these angles then a system of M linear equations with N unknowns is generated.
The kernel in this case is MxN matrix. For the backscattering coefficients
sampled at L incident angles, a system of M = 3L equations can be generated.
In this case only one third the number of incident angles will be required
compared to using one polarization type alone.

6. Results and Discussion of Inversion

The disks have been assumed to be of only one size, so the probability
distribution of the radii is written as p(a) = 3(a-a ), where a represent the
average radius = 4 cm of the disk. The backscattering coefficients have been
corrupted by 5 percent noise to simulate the observed measured data.

Figs. 11-16 shows the behavior of the backscattering coefficient as
determined found by Born approximation Eqs. (10)-(12) and its discretized form
Eq. (17) as a function of incidence angle. The backscatter data is assumed to
be- available at nine angles of incidences and is discretized, after every ten
degree in the range of 5-85 degrees. ’For all the three polarizations, the
discretized and the continuous values during the morning and afternoon period

are close to one another (Figs. 11-16).



Corrupting the discretized backscattering coefficient with S percent
noise, the inversion is carried out to determine the probability density for a
sequence of regularization parameters. Figs. 17-19 show the actual and the
inverted inclination angle probability density for the morning period for the
best value of the regularization parameter o. It is seen that for all the
three polarizations, the inverted probability density shows a trend quite
similar to the acutal probability density. The agreement is better for the
like polarization, compared to the cross-polarization. The whole procedure
is repeated for the afternoon distribution of the leaf inclination angle. It
is noticed from Figs. 20-22 that as is in case of morning inclination angle
distribution of the soybean leaves, the evening inclination angle distribution
can also be determined through the present inversion technique.

The robustness of the Phillips-Twomey inversion technique has been tested
with a noilse of 50 percent added to the backscattering coefficient for the
horizontal polarization. From the trend of the inverted inclination angle
distributions (Figs. 23-24), one can still notice the effect of
non-simultaneity in the radar observations on the soybeans.

For most of the space-born remote sensing observations, the number of
incident angles 1is not large (Cimino, 1988). For example, in SIR-B
experiment, the number of angles was Just four. For such a practical
applications, it becomes imperative to look at the inverted results with a few
incident angles. To study this, the backscattered data is discretized at three
angles i.e. 15°, .45°, 75°. The regularized solution (Eq. (22)) is obtained for
a S percent noise for the three incident angles. It is seen that the three
point inversion (Fig. 25-26) gives a poor estimate of the inclination angle

probability for any one polarization. To get a better estimate, a technique

10



which involves the utilization of the data sampled at three polarization and
at three incident angles, is attempted (See Appendix B for details). The
kernal for the combined polarization is set up for the nine inclination angles
and the three incident angles (for each polarization). The backscattering
coefficlents for the combined polarization corrupted with S percent noise is
inverted to get the probability density. A much better agreement between the
true and inverted probability density s reached in this case (Fig. 27).
Quantitatively, the combined polarization inversion for the three point case
{s about 10 times more accurate than the three point single polarization
inversion (See Appendix B). Fig. 28 shows the three-point inverted
probability density for the afternoon period.

The present report showed that relationship between non-simultaneity of
observations from the vegetation; The study can be easily extended to see the
day and night relationship between the leaves inclination angles and its
corresponding backscattering coefficlient. The effect of local meteorlogical
condition can also be similarly studied to improve the present day

understanding of the response of the vegetation to the microwaves.

11
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Fig. 1 Soybean Canopy Model.
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Fig. 4 Leaf Inclination Angle Histogram For Afternoon.



*ZH9 % IV UOTIBZIIRTOd [¥IUOZTIOH
104 @73uy 3Juepyoul °SA 3Juajdy3yjec) Jujpiellwosyoey ¢ "4

93Q JFTMONV LIN3AIONI

06

‘09

[0,

ZHD ¥ ADN3IND3Hd

.OZ_O

gl-

0l -

8Q Nl HH VOIS

f0)°



SIGMA  VV IN DB

10.

-10.

- 15,

—e— AFTERNOON
—— MORNING
FREQUENCY 4 GHz

9-20.

Fig. 6

30.
INCIDENT ANGLE

Backscattering Coefficient vs.
Vertical Polarization At 4 GHz.

60.
DEG

Incident Angle For

90.



06

*ZH9 % IV uojlezlie[od $801)
104 o73uy 3Juepjoul °'SA 2IU8IDIIFeo) Fujieljwosyoeq

930 IFONV LNIAONI
‘09 '0€

L "31a

op-"

ZHO v ADN3IND3YA
ONINHOW ——

'GZ- '0E- 'GE-
80 Nl HA VINDIS

‘0Z-

. ’g L'_

0L -




SIGMA HH IN DB

-10. -5

- 15,

-20,

—e— AFTERNOON
—— MORNING
FREQUENCY 1.5 GHZ

9-25.

30, . . 60.
INCIDENT ANGLE DEG

Fig. 8 Backscattering Coefficient vs. Incident Angle For
Horizontal Polarization at 1.5 GHz.

90.



"ZHD 61 IV uojleziaeiod [EOTIISA
104 a73uy Jueploul ‘SA 2JUa[OIIFe0d Bujielzjeosyoey

93a 3JTONV LIN3AIONI

6 ‘314

06 09 0€ 0
* * N
o
N
N
(@
)
o
-
@)
|
o
ZHO Gl  ADN3ND3YA
ONINHOW —— O
NOONM3LdY ——
o
) )

80 NI AA  VIADIS



SIGMA VH IN DB

-30.

-10.

- 15,

FREQUENCY 1.5 GHZ

-20,

-25,

-35,

9-40.

30, . 60.
INCIDENT ANGLE DEG

Fig. 10 Backscattering Coefficient V8. Incident Angle For
Cross Polarization At 1.5 GHz .



‘06

‘uoy3®ziiv[od [PIU0ZJIOH 104 a18uy
Juspyou] ‘SA SJjUefolIFeo) 3JuraelywdsROwd Sujuxol

0930 JFTONV INIAONI
09 0t

11 214

IN3OH3d G 3SION
ZHO ¥ ADN3INO3dd
viva a3zii3yosia o
Vviva 'XOHddV NHO8 —
ONINHOW

GL-C

Ol -

0l

‘gl

8a NI HH VOIS



SIGMA VV IN DB

15.

10.

MORNING
— BORN APPROX. DATA
o DISCRETIZED DATA
FREQUENCY 4 GHZ
NOISE 5 PERCENT

Fig. 12

30,

60.

INCIDENT ANGLE DEG

Morning Backscattering coefficients vs. Incident

Angle For Vertical Polarization.

90.



06

‘uorleziiwiod ssoip 1og o18uy
UBPTIUT  "SA  s3ULTITIFe0) But1933wosyoRg Buuaoly  ¢q ‘B1a

930 FONV LNIGIONI
09 OF

IN3OH3d G 3SION
ZHO v ADN3IND3Y4
Viva d3zii3yosia o
V1iVa XOHddv NHOg —
ONINHOW

0e-°

Gl - 0Z- G-

Ol -

80 NI HA  vINDIS



SIGMA HH IN DB

15.

AFTERNOON

— BORN APPROX. DATA
°© DISCRETIZED DATA
FREQUENCY 4 GHZ
NOISE 5 PERCENT

30. . 60.
INCIDENT ANGLE DEG

Fig. 14 Afternoon Backscattering Coefficients vs. Incident
Angle For Horizontal Polarization.

90.



06

‘uorieziaeiod [eo}31ep 104 913uy
JuepTdUl "SA SIURTITIFeo) Fujieljedsnowg uooulal Iy

0530 FONV IN3IQIONI
| 09

b

ST ‘814

IN3OH3d S 3SION
ZHD v ADN3IND3H4
V1iva d3izi13yosia o
V1VQa XOHddV NHOg —

NOONY3 L4V

'Sil'-cj

0l -

ol

Sl

80 NI AA  VIADIS



SIGMA  VH IN DB

-20,

-10.

-15.

-25,

AFTERNOON

— BORN APPROX. DATA
© DISCRETIZED DATA
FREQUENCY 4 GHz
NOISE 5 PERCENT

9-30.

30. . | 60 90.
INCIDENT ANGLE DEG

Fig. 16 Afternoon uuorwnbnnunnsw Coefficients vs, Incident
Angle For Cross-Polarization,



-asw) jujogd SUIN
- uoyjezjie[od [¥IUOZTIOH 104 a18uy uojivujoul
-sa Sujuioy I10J uoFIdUNd K3ysuaq £Kayr119wqoad [T 91

03a IONV NOILVYNITONI
06 ‘09 [0

1N30H3d G 3SION
ZHO ¥ AON3INO3ud
40d Q31H3IANI o
40d vV —
ONINHOW

100

HH Nd ALISN3A ALNIGVEOYd

Z00

€00



PROBABILITY DENSITY FN. WV

0.005

0.020

MORNING
— ACTUAL PDF
o INVERTED PDF
FREQUENCY 4 GHZ
NOISE 5 PERCENT

0015
o]

0010

0 . . 30 . | 60
INCLINATION ANGLE DEG

Fig. 18 Probability Density Function For Morning vs.
Inclination Angle For Vertical Polarization - Nine
Point Case.

90.



06

‘98w) 3jujog
SUIN - uoj3eziieioq ssoap 104 e13uy uojwuyyoug
"sa Buruilol 104 uoy3zoung L3ysueq £1¥111qwqoag 61 ‘311

934 IONV NOILVYNITONI
09 [0,

IN3DOH3Id S 3ISION | 0
ZHO9 v ADN3IND3Y4
34ad Q31HIANI o
4ad vNLOVY —
ONINHOW

0L00

0200
HA Nd ALISN3Q ALMISVEOHd

0€00



PROBABILITY DENSITY FN. HH

0.03

0.02

0.01

AFTERNOON

— ACTUAL PDF
o INVERTED PDF
FREQUENCY 4 GHZ
NOISE 5 PERCENT

30. . . 60.
INCLINATION ANGLE DEG

Fig. 20 Probability Density Function For Afternoon vs.

Inclination Angle For Horizontal Polarization - Nine
Point Case.

90.



06

*98w) Jujod
auIN - uojleZIaw[od 1E2]3I19A I0§ °13uy uojjeujoul
"SA uooula3ljy 103 uojloung K3ysuaq A3IFryqeqoxrd (7 314

930 FT1ONV NOILVNITONI
09 [0

IN3DOH3d S 3SION
ZHO ¥ AON3ND3Hd
4ad Q3LH3ANI o
44d TvNLOV —

NOONHI LAV

S000

OL00
AA N4 ALISN3Q AlMIgvE04Hd

G100

0200



PROBABILITY DENSITY FN. VH

0.030

0.020

0.010

" AFTERNOON

— ACTUAL PDF
o INVERTED PDF
' FREQUENCY 4 GHZ
NOISE 5 PERCENT

30, . . 60,
INCLINATION ANGLE DEG

Fig. 22 Probability Density Function For Afternoon vs.

Inclination Angle For Cross Polarization - Nine
Point Case.

90.



06

"9S®B) Juj0oq JUIN - 9STON JULdINg (¢
H3itm uojjeziiejod [wluoziioy loj o1fuy uoj3wujiouy
"Sa JuruioN 104 uoy3oung K3ysusq K3y1Iqeqoag € "4

‘_ 03
09

FJ1ONV NOILVNITONI
0ot

IN30H3d 0S 3SION
ZHO ¥ AOJN3IND3YA
40d A3LH3IANI o
4dd vNLOV —
ONINHOW

100

c00
HH N4 ALISN3AQ ALMISv80Hd

€00



PROBABILITY DENSITY FN. HH

0.03

0.02

0.01

L

AFTERNOON

— ACTUAL PDF :
o INVERTED PDF
FREQUENCY 4 GHZ
NOISE 50 PERCENT

30. 60.
INCLINATION ANGLE DEG

Fig. 24  Probability Density Function For Afternoon vs.
Inclination Angle For Horizontal Polarization with
50 Percent Noise - Nine Point Case.

90.



06

"@98®) Jujod Wiyl
- UOIIBZTIRT]Od TWIUOZIIOH 104 31Buy uoj3wujyouy
"sa  3utuiol 104 uojaoung A3ysuag £3111qeqoag ¢z 9314

930 FTONV NOILLVNITONI
09 [0;%

'y

@)

IN3OH3d G 3ISION
ZHO ¥ ADN3ND3Y4
30d A31H3ANI o
3dd vNiLov —
ONINHOW

S000

0100

SL00

0¢00

HH N4 ALISN3AQ ALIISv804d



PROBABILITY DENSITY FN. HH

0.005

0.020

0.015

0.010

AFTERNOON

— ACTUAL PDF
o INVERTED PDF o
FREQUENCY 4 GHZ
NOISE 5 PERCENT

30. . . 60.
INCLINATION ANGLE DEG

Fig. 26 Probability Density Function For Afternoon vs.
Inclination Angle For Horizonal Polarization -
Three Point Case. |

90.



‘uojjezjaeiod paujquon lioj 918uy uorzwuyyoul
‘sa  Jururoq 105 uojzoung Kaysueq KA3jriqeqoad (7 ‘B4

930 IONV NOILVNITONI

06 09 (013 0
o)
o
O
o)
8
o
" Q
o
INIDH3Id S ISION °
ZHO v ADN3IND3H4 nnw
40d A31H3ANI o >
4ad vNLOV —
ONINHOW
o
o
N
o
) )

Nd ALISN3A ALIEVE0Hd



06

‘uojleziaviod poulquony ioj 913uy uojavujdul
‘SA uooulsjjy 1od uojidung Kaysueq K3IyTIqeqoag 8z ‘314

9330 F1ONV NOILVNITONI

09 (o} 0
. . . : -
o
o
- O
o
6))
O,
o
=
o
— IN3OH3d G 3SION
fll\ ZHO ¥ AON3ND3H4 o
. ; 40d GILH3IANI o o
o 40d WNLOV —
NOONH3 LIV

0200

N4 ALISN3A AlNIgvEO0Yd



APPENDIX A

SOYBEAN LEAF DATA
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Following acronyms have been used.
Month
Hour
Hour
Minutes
Stem Number

Leaflet Number

LFT - Leaf Inclination Angle

(Measured From the Vertical)
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ABSTRACT

The inverse problem of deducing the inclination angle distribution
of leafy vegetation has been investigated using L band multipolarizaction
backscattered model data. The modeling procedure replaces canopy leaves
with thin circular dielectric discs. The Born approximation is then
émployed to establish a linear relationship between the radar
backscattering coefficients and the leaf inclination angle distribution.
Due  to the ill-posedness of the problem, the Phillips-Twomey
regularization method with second order smoothing condition is wused.
The inversion of the leaf angle distribution is carried out for
horizontal, vertical and cross-polarizated model data. It is shown that
results of the inversion using vertical and cross polarized model data
are comparable to the horizontal inversion results obtained in a
previous paper. All these single polarization inversions require data at
approximately 10 {incident angles. Since radar observations from space
are usually limited to 3 or 4 incidence angles, a method combining the
three polarization {nversions has been devised which reduces the number

of incidence angles required by a factor of three.

1.  INTRODUCTION

Vegetation canopies such as soybeans have been modeled effectively
in the microwave frequency regime by replacing their leaves with
dielictric discs [{1-4]. The relationship between backscattered energy
and disc parameters have been found by using the Foldy-Lax and the
distorted Born approximation. For the L-band region of the spectrua,
the skin depth of the vegetation such as soybeans is largse.

Consequently, the distorted Born equations reduce to those of the Born



between the backscattering coefficient and the inclination angle-area
probability density distribution can be established. The ill-posed
nature of the problem requires the application of some regularization
technique. The Phillips-Twomey [5-7] regularization technique with
second order difference smoothing condition is wused here. This
technique has been successfully employed by Lang and Saleh(8] who
treated the case where horizontally polarized data is used to determine
che ezaf angle distribution. Other researchers[9-10] at optical
frequencies have employed similar techniques to determine propercties of
the atmosphere’s constitutents. In addition, at optical frequencies the
remote determination of canopy leaf inclination angle and leaf area
index data has been studied by Goel & Thompson [ll]. His methods,
however, differ from those presented here.

This paper has been motivated, in part, by the need to apply the
inversion method used in (8] to vertical and cross polarized data.
Comparison of the inclination angle distributions obtained for these
polarized data sets along with the results of the horizontal case
obtained in [8] will give a indication of which polarization type is the
most sensitive. A second motivation for the paper is to use the
polarized model data sets collectively in order to reduce the number of
incident angles at which data is required. Presently, shuttle data can
only be obtained at three or four incident angles. However, for
reasonable accuracy approximately 10 incident angles are required to
estimate the leaf angle distribution over the range of inclination
angles from 0° to 90°. By utilizing the polarization data collectively
one obtains three times as much data at each angle of incidence and thus
the number of incidence angles can be reduced by a factor of three.
Finally, it should be mentioned that although the present paper |is
devoted to determining the leaf inclination angle distribution for a
xnown leaf area distribution, the method, as presented in [8], can also
be used to find the leaf radius or area distribution for a known leaf
inclination angle distribution. In addition, it has been shown in [12],
that if data is -given over incidence angle and frequency, the joint leaf
inclination angle and radius distribution can be determined.

The paper is divided into six sections. The direct backscattering
problem for horizontal, vertical and cross polarizations is given in

section 2. In section 3 the inversion problem is formulated and in



section 4 the continuous formulation is discretizated. In this section
the Phillips-Twomey inversion solution for the leaf inclination angle
distribucion is given in terms of a regularization parameter and ap
algorithm(residue method) 1is presented for determining the "best"
regularization parameter. Finally, in section 5 the numerical results
for single and combined polarization inversions are discussed and

compared.

2. DBACKSCATTERING MODEL

The vegetation layer is modeled by a slab of lossy circular
dielectric discs having random positions and orientation (Fig. 1). The
ciscs are assumed to be independent of one another and have prescribed
orientation statistics. Stems are not considered in the present model
and it is assumed they can be neglected. The ground under the vegetation
i1s taken to be a flat lossy dielectric half space. Rough surface effects
are considered to ba negligible. This is the case for many mature
soybean canopies in the L band region of the spectrum. The direct
problem for the slab of random discs consists of computing the
backscattering coefficients by using the Born approximation for the
horizontall vertical and cross-polarized cases.

The radar backscattering coefficients for a canopy of discrete
scatterers have been obtained by the distorted Born
approximation(8,13,14]. For the L-band region of the spectrum, the skin
depth for most agricultural crops is large. Under this assumption, the
backscattering coefficients simplify to the Born theory expressions
which are given by:
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In the above equations agq, apq are the backscattering coefficients for
the slab and the scattering cross sections for the discs respectively.
The suffixes pqd, pqdr are for direct, reflected and direct-reflected
coefficients respectively for a wave of like (p=q) or unlike (pwq)
polarization. The density of scatterers in the layer is p, the
thickness of the canopy is d and R:p)is the Fresnel reflection
coefficient from the ground interface _or a wave of polarization p.

The scattering cross s=ztions a}q appearing in (2)-(4) are for a
single dielectric disc which is averaged over size and orientation. The
cross sections can be expressed directly in terms of the disc's dyadic
scattering amplitude g(;,i). Here 1 and o are unit vectors in the
directions of the incident and scattered waves. The direct and

reflected backscattering cross sections are given by:
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The direct-reflected or interference terms are bistatic in nature and

are given by:
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The unit vectors it used in the above formulas are defined in Fig. 1. In
this figure it is seen that 1" is the direction of the incident wave on
the canopy while 1' 1s in the direction of the incident wave’s specular



reflection from the ground interface. Thus each disc has two separate
waves incident upon it. The directions -i_and -i* are the directions in
which waves scattered by the discs return to the radar. The scattered
wave either returns to the radar directly in the case of -1  or is
specularly reflected by the interface before returning as is the case .
wich -1" The polarization vectors ﬂt and ;t are also shown in Fig. 1;
they are used in place of ;t and &t in the formulas shown above.
Finally, the super bar over eqs.(5-7) represents the average over the

disc radius and orientation angles.

3. EORMULATION QOF INVERSE PROBLEM

An examination of equations (1)-(7) shows that a linear integral
relationship exists Letween the backscattering coefficient, a:q, and the
Jjoint probability density of disc radius and inclination angle.
Symbolically, it is expressed as

dn(ﬂo) - JKN(Uo.A.O)P(A.U)ﬂdO (8)

where K‘“l is che kernel function and p(A,#) is the joint probability
density function. Here A is the disc radius and ¢ 1is cthe disc
inclination angle. This angle is defined by the z axis and the normal to
the disc. Implicit in the integral relationship is the assummed
independence of the disc’s azimuth orientation angle ¢ from ¢ and A(see
(8] for more details).

The kernel function is expressed as a sum of direct, reflected and

direct-reflected parts:

xn-xm+xm+xm (9)
Each term in the sum corresponds to the appropriate scattering
coefficient component as given in (2)-(4). Explicit expressions for the
kcrﬁ;l conponinf; can be found by substituting the scattering amplitude
for a thin disc, as given in [8],into the cross-section formulas in
equations (5)-(7)(see [15] for corrections to [8]). The final expressions
result when these cross-sections are used in equations (2)-(4).For the

direct component the kernel function is given by:
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Here §2(5) is the pattern function for a circular disc evaluated in the
backscatterd direction(see,[8]), x is the susceptibility of the disec
dielectric material and the constant 8 is given by

pdk. | x| °T?
p=— (13)

where ko is the free space wavenumber and T is the disc thickness. It
should also be noted that the discs have been assumed to be uniformly
distributed in the azimuthal coordinate.

The reflected component of the kernel can be simply written in

terms of the direct component as follows:

R = IRVIPRY IR (14)
The simple relationship between the reflected and direct component is
the result of the assumed uniformicty in ¢.

The direct-reflected componennt of the kernel function is given
below separately for 1like and cross polarized cases. For 1like

polarization (p = q) the kernel is:

x
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where

Qe ™ Yna (16a)

Quae = Bla, * €Ca,- aD1° (16b)
with

2 2
q, = sin Hl - cos 01 (17)

The expression for the kernel in the cross polarized case(p = q) is:
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In (15) and (18) the pattern function §’(um) is evaluated in the
bistatic direction(see, [8]).

The integral equation given in (8) relates the backscattering
coefficient to the joint distribution over disc radius and inclination
angle. Since the radius distribution will be assumed as known
apriori, (8) can be rewritten as:

° - € ))
UN(UO) J K" (8,,8)p(8)ds (20)

where

(8)
K, (0,0 = an(io.A.U)P(AIO)M (21)

Here p(A|#) is the conditional probability of the radius given that the
inclination angle is known. If A and # are independent than p(A|d)
reduces to p(A).

_Equation (20) represents the direct problem. Since it will be
assumed that 1n£oruation is available to determine the kernel K(:)
completely, the inverse problem involves the determination of the
probability density function of disc inclination given the
backscattering cross-section at different angles of incidence. This
paper deals with the determination and comparison of p(4) for



horizontal, vertical, cross polarization cases. The basic question to
be answered is: Given the backscattering coefficient ac just a few
angles of 1incidence,can we utilize the information from different
polarizations to find the orientation distribution of the discs with

reasonable accuracy?

4. NVERSION TECHNIQU

The inversion of Eq.(20) for p(8) is a two part process. First the
integral equation must be discretized and then a stable inverse for the
discrete system must be constructed. The discretization process is
necessary since backscattering data is available at only a finite number
of points. To invert the integral equation exactly, data is needed at
all backscattered angles. Since this is not possible, the integral
equation is replaced by a finite system of algebraic equations.

Before discretizing p(f4) it is necessary to discuss the range of
values that § can assume. For a general leaf shape § would normally take
on values between 0 and x. For the special case of circular discs
considered here, the normal to the leaf can alwvays be chosen so that 4
is less than x/2. Thus,in this paper it will be assumed that p(d) = 0
for n/2 < 8 5 «x.

The first step in the discretization process is to approximate

the unknown function p(4) by a step function ﬁ(@) having N levels

p(d) = }:pnroctn(a) (22)
n=}
where
1, (n-1)48 < 8 < nad
rect (§) = (23)
" o, alsevhere

with 4¢ =x/2N. The step heights p, are chosen so that they equal the
probability dnnq{Cy function at the center point of the interval,i.e.
P,= P(f ) where 4 = (n-1/2)a0. A plot of a typical p(#) and p(6) is
shown in Fig.2. The abscissa is plotted in degrees rather than radians
while in the text # and A# are in radians. Thus the plotted density
functions must be multipled by a normalization factor of x/180. This
scaling factor has not been used in Figs. 4, 5 & 8 of (8]. Thus these



figures are incorrect as they appear and must have their ordinate values
multiplied by =n/180. This insures that the area under the density
function is one.

The next step in the discretization process is to replace the
continuous density p(d) which appears in (21) by its discrete estimate

ﬁ(&). Proceeding, (21) becomes
r/2

- (0) -
apq(&o) [qu (00,0) p(8)ds (24)

0

where ;pq is the discrete estimated value of o:q. Now using (22) in (24),

one finds
N
- pq
aN(Oo) ZK“ (Oa)pn (25)
nel
where
a#
n
kP90 ) = | k9 ,0)a0 (26)
n -] Pq °
0
-
with Of- OniA0/2. It should also be noted that x:‘(oo) is a continuous

function of 00 that can take on values between O and x/2.

If the backscattering coefficients for a particular polarization
type pq are measured at M incident angles and (25) is evaluated at each
of these angles then a system of M linear equations with N unknowns (M 2
N) is generated. In wmatrix form this system is written as



- 1 r 1r
[apq(ool) pl
M x N kernel

matrix of ’ (27)
. pq coefficients
o (8 ) Py
Pq oM
L J L I
where the MxN matrix coefficients are K:ROOn). It is seen that chere

is a different system of equations for each polarization type. Thus by
using only one polarization type it should be possible to determine the
inclination angle probability density function (pdf). This pdf can be
obtained independently for each polarization data type. For
backscattering coefficients sampled at L incident angles, a system of M
= 3L equations can be generated. The matrix form of this mixed

polarization system is:

hh('ol) L x N kernel px
matrix of
; 0 ) hh coefficients
hh ol
avv(aol) L x N kernel
- matrix of (28)
o (8 ) vv coefficients
ve ol
;hv('ol)
L x N kernel
matrix of
; (¢ ) hv coefficients p.
he ol ] J

This later approach demonstrates that to find an inversion with multi-
polarization data, only one third the number of incident angles will be
required compared to using one polarization type alone. Symbolically
either (27) or (28) can be represented by the general system

10



= Kp (29)

where o and ; are M x 1 and N x 1 columns vectors respectively and K is
a M x N rectangle matrix.

In practical situations, the backscattering coefficient data is
corrupted by measurement noise. In the present study the effect of this
measurement noise is simulated by adding random fluctuations to each
component of o. To be specific, if the noisy backscattering data vector

is denoted by ;6 then each component of this vector is given by

T = an(l + Sn.) (30)
where ;m and ;6. are the components of the row vectors ; and ;6’
respectively, the ng 0= 1,..., M, are zero mean independent random

variables distributed uniformily between -1 and 1 and § is a constant
factor proportional to the percentage of noise added to each component
of the backscattering coefficient vector ¢. Thus simulated values of
the measured backscattering coefficient are generated by first using the
model equation (29) with an assumed probability vector ; to calzulate o.
The noise is then added via (30).

For a given level of noise § the solution to (29) with o replaced
by ;8 normally provides a better approximation to the probabilicy
density as the system size N grows larger. Since (29) is derived from a
Fredholm integral equation of the first kind, this system becomes
ill-conditioned as N increases. As a result the inverted density may
not tend toward the true or assumed density function as N increases. To
obtain a meaningful solution to such an ill-conditioned system, the
kernal K needs to be regularized. In the present study, the
Phillips-Twomey technique (5,6] has been used for the regularization of
K. The smoothing of K is achieved through a second order smoothing
matrix H (7]. The amount of smoothing is controlled by a regularization
parameter a whose determination is discussed below. Following the
formulation given by Twomey (7] the regularized solution is

ﬁa - (KK + aﬂ)'IKTSS (31)

11



ﬁa, for a monotonic Sequence of a values. This vector is then used to
calculate the estimated data vector, o, - Kpa, for each @. The best a
is then chosen such that the solution has the least amount of smoothing
(smallest a) with the constraint that the residual, ”;a - ;6"' remain
below some Prescribed value related to the noise level 5. This method
for determining o is known as the residue method and was first used by
Morozov([16] and later discussed by Miller[17).

The average difference between the assumed density, p(é), and the
inverted densicy, pa(a), 1s used as g, overall measure of the
goodness of the inversion Process. The square root of this average

is called the total error, € It is defined as
e, = |peo) - Py ()] (32)

where the vertical bars indicate the I..2 norm over the {nterval (0, »/2).

More specifically, we have

x/2 . 24—7
. =/ [ -p_(9))%as (33)
[+]

The function ﬁq(o), used in (32) and (33), is obtained by putting the

components of Py in (22), {.e.,

P,(8) = z:pan rectn(v) (34)

ne}

The total error can be viewed ag being composed of two distinct
Parts. First there {igs the error due to the quadrature approximation
(see, (22)]. 1t ia.donotod by eq and is defined as the L& norm of the
difference between P(#) and p(8),1.e.,

. = Ipco) - poy| (35)

error is denoted by ¢, and is the L2 norm of the difference between the

12



quadrature approximation and the inverted density function, i.e

ey = Ipg(8) - p(®] (36)

It should be noted that this error is a function of the regularization
parameter as well as the percentage of noise §.
The interrelationship between these errors can be better understood

by employing the triangular inequality as follows:
I, (8 - B(O] = p (&) - p(&) + p(®) - p(d)]

s [ (8) - e} + lp.8) - p(®)] (37)
or
€ S € + ¢ (38)

Thus it is seen that the sum of the quadrature and regularization errors
provide an upper bound for the total error. It will be seen in the next
section that this bound is quite tight in cases of practical interest.

5. RESULIS AND RISCUSSION

The model parameters in this problem are chosen to represent a
mature soybean crop. The dielectric constant ¢ = 40.8 + 13.26 at a
frequency of 1.5 GHz with a water volume filling factor of 0.7 has been
calculated from Deloor formula [see, 18]. The discs have a radius of 4
cm and thickness 0.2 mm. These discs having a density of 1000 n'3 are
assumed to be placed in a slab of 0.6 m thick. Since the discs have
been assumed to be of only one size, the probability distribution of
radii can be written as p(A) = 6(A-Ao), whers Ao represents avarage
radius the discs. It i{s also assumed that the leaves are uniformily
distributed in the azimuthal orientation angle. Smith{19] has given
several inclination angle distribution for plants. Since the present
study is aimed at the demonstration of an inversion method, we have
assumed the bfbiloving simple probability discribution for the

inclination of the leaves

13



cos 4§ 0<§ < =xn/2
p(¢ = (39

0 , /2 >80 < n

which is representative of those found in nature. The smooth curves in
Figs. 2,4 and 5 represent Eq. (39).

A noise value of § = .05 or 5 percent has been chosen to corrupt
the model values of the backscattering coefficients. The inversion of
this simulated noisy backscattered data is examined in two cases. First,
the probability density function is found for each polarization
separately. The assumption is implicitly made that data from only one
polarization 1is available. The results are compared. Second, a
comparison between the inversion obtained with three and with nine point
backscattered data of one polarization is made. It is then shown that
an inversion performed with three point multipolarization data is more
accurate than an inversion using only three point single polarization

data.
CASE 1

The backscattering coefficients as a function of the angle of
incidence are shown in Fig. 3(a,b,c) for horizontal, vertical and cross
polarization respectively. The continuous 1line represents the
backscattered data obtained by using the integral equation, (20), while
the circles represent the data obtained with the discretized quadrature
approximation, (25). The discrete data is sampled at nine angles of
incidence. It can be noticed from Fig. 3 chat for all three
polarizations, the values calculated by the Born approximation and its
quadrature approximation are close to each other.

The backscatter data is corrupted with 5 percent noise and is
inverted to find probability density with second order difference
constraints for various regularization parameters. The plots of
probability density vs. inclination angle of the leaves for the best
value of a are shown in Fig. 4. The procedure is repeated for all the
three polarization cases. It is seen that for all the polarizations,

the inverted probability density approximates the continuous (true)

14



probability density quite well. A quantitative estimate, shown in Table
l (top three lines), sums up the various error estimates corresponding
to che best value of regularization parameter. The quadrature error,
eq, is a constant quantity and does not depend upon regularization
parameter or the type of polarization. It only depends upon the number-
of sampling intervals of the probability density which is nine for the
top three lines of the Table 1. By choosing a bette interpolation
technique for discretization of p(4) one can further reduce chis error.
The other component of the error, ‘) is better for horizontal and
vertical polarization than for the cross polarized case showing that
like polarized systems appear to do better than cross polarized systems.
This observation, however is based on these very limited results.

To see how good is the present inversion technique vis-a-vis noise,
we have carried out the inversion process for noise level of 25 and 50
percent for horizontal polarization. It is found that as noise level
increases, the inverted probability density departs more and more from
its true value. But even for a noise of 50%, the agreement does not
look bad (Fig.4(a)). In a practical situation, the distribution of
noise may not be uniform at all incident angles as assumed here for
simulation of backscattered data and thus the results might look

different than those shown.
CASE 2

For an actual satellite observation, the number of incident angles
is not large. For example, in the SIR-B experiment, wherse the antenna
was tilted mechanically to acquire images at selected incidence angles,
the number of angles was just four [20]. Bearing this in mind, we have
attempted the inverse problem for just three incident angles.

Using the quadrature approximation in (25), the trus backscattered
data is discretized for horizontally polarized waves having incident
angles of 15°, 45°, 75°. For the inverse problem, the probabilicy
density is discretized at three angles of inclination. The smoothing
matrix H which arises due to the second order smoothing condition will
now be a 3x3 matrix [7]. The regularized solution [Eq. (31)]), is
obtained for 5 percent noise and the results are shown in Fig. 5(a). The
total error, < between the - continuous (true) and the inverted

15



probability density is found to be equal to 0.023. Comparing this error
from three-point data to that of nine point data for the horizontal
polarization reveals that the results in the three-point case are less
accurate by a factor of five (see Table 1). In other words, the data
sampled at three points does not give as accurate value of the inverted
parameter. As would be suspected an examination of Table 1 shows that
most of the incresed error lies in the quadrature component.

One solution to this problem is to increase the number of darta
points. Practically, this may not be feasible beyond a particular
limit. We have attempted the problem through the utilization of data
sampled at three polarizations for three 1incident angles. The
probability density is discretized at nine inclination angles. The
kernel for the combined polarization is set up for nine angles of
inclination and three angles (for each polarization) of incidence (eq.
(28) with L=3 & N=9). The backscattering coefficient for the combined
polarization corrupted with 5 percent noise is inverted to find the
probability density distribution of the leaves for the combined
polarization. The resulting probability density is shown in Fig. S(b).
The error between continuous (true) and inverted probability density now
is € - 0.0023. Comparing this with the three-point case with only one
polarization (Table 1) it is found that combined polarization gives
almost 10 times more accurate results than the single polarization with
the same number of observation angles. The quadrature error ‘q which
had increased in single polarization case gets reduced again in three
polarization case.

The present study showed that polarization utilization greatly
improved the estimation of the inverted probability density when the
observational data was limited to fewer incident angles. It is
suspected that results could be further improved if there was a larger
number of observations for each angle of incidence such as the case of
polarimetric data which measures both phase and amplitude. This
technique could give accurate results up to a much higher level of
noise. Similarly, in a simultaneity study where radars with different
polarization will be looking at the earth from more than one platform to
give only a few look angles, the present technique can be an effective

tool for inverting the remotely sensed data.
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Table 1.

Comparison of Different Cases
and Their Errors (5% noise)

[k Polarization

€ € €

Type q a
9-Pt. Horizontal |.781 x 1072 |.200 x 10°? | 04 x 1072
9-Pt. Vertical 698 x 1072 |.200 x 10°% |.499 x 10°2
9-Pt. Cross-Pol .804 x 1072 | .200 x 10™% | .610 x 10°2
3-Pt. Horizontal |.229 x 10°' |{.186 x 10™* | 470 x 1072
3-Pt. Combined 1233 x 10°% [.200 x 10" | . 617 x 10}
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure Captions
Soybean canopy model
Quadrature approximation of probability density
Backscattering coe:ficient vs. incident angle -9 point
case (a) horizontal, (b) vertical, and (¢)
cross-polarization
Probability density function vs. inclination angle -9
point case (a) horizontal, (b) wvertical, and (e)
cross-polarization
Probability density function vs. inclination angle -3

point case (a) single polarization (horizontal), (b)
combined polarization
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